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EmMAR-Y

studyoftheflowaroundslenderirclimdbodies
ofrevolution,a simplifiedsolutionforthepressuredistributionon
sucha bodyhasbeendeveloped.Theaolutionshouldbesuitablefor
bodiesofhighfinenessratioevenatlowsupersonicspeds,providedthe
e.pgleofa>tackissmall● Comparisonwithkw+peedexperimentalresults
indicatesthattheobservedflowseparationphenommacanbeexplained
inthetermsofthecalculatedpressuredistributionstogetherwiththe
theoryofo%liqueviscousflows.

INTRODUCTION

Thelongitudinaldistributionofcross
revolution,whichwasprimarilyofinterest

forceoniwlinedbodiesof
toairshipdesignersinthe

past,was&olvedsimp~andeffectivelybyMaxMunk(&fere~e1). lk.mk
showedthatthecrossforcef perunitlengthonanar%itrarybodyof
revolutionina nonviscousfluidstreamwasgivenapproximatelyby

where

~.

ds/dx

a

f=%&in2~

streamQrtuOicpressure

changeinbdy cros~ectionalareawithlongitudinaldistance
alongthebcdy ‘

angleofiwlination

(1) “

Tsien(reference2)investigatedthecrossforceonslenderMiies
ofrevolutionatmoderatesupersonicspeeds— a problemofmoreinterest
atthepresenttomissileandsupersonicaircraftdesigners- andshowed
that,totheorderofthefirstpoweroftheangleofinclination,the
reducedMunkformula

●
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f=2qo!& (2)

wasstillapplicable.
thecrosscomponentof

Thisisnotsurprisingwhenitisrealizedthat
theflowfieldcorrespondstoa cross velocity

% =Voslna “
o

whereV. isthestreamvelocity.Thusthecrosscomponentofvelocity,
and,hence,thecrossMachnumberwill,forsmallanglesofinclination,
bea smallsubsonicvaluesothatthecrossflowwillbeessentially
incompressibleincharacter.

Althoughthecross-forceproblemina nonviscousflowhasbeensatls-
faotorilyinvestigated,theproblemofdeterminingtheincrementalpressure
distributionduetoinclinedflowhasnotreceindsuchcompleteatte~ ‘
timn.Khplan(reference3) treated,ina thoroughmanner,theflowabout
slenderinclinedbcxlies,butthesolution,whichisexpressedinLegendre
polynomials,unfortunately,istedioustoevaluate.Iaitone(reference4), .

bylinearizhgtheequationsofmotion,obtaineda solutionforthepres-
sureomfficientonslenderbodiesofrevolutionIninclinedflow,but,
aswill%eseen,thesolution,duetollnearizatlon,isinadequateinthe .
generalcase.

Inthisreport,a simpleincompressiblepotentialflowmthcdis
developedfordeterminingtheincremmtalpressuredistributionresulting
frominclinedflowona slenderbmlyofrevolution.Themthod,forthe
reasonsdiscussedpreviously,shouldbeapplicableforsubsonicandsupeJ.=
sonicflowswhereinthecrossvelcnltyissmallcomparedtothespeedof T
sound.

It.isknownthatviscosityactuallyplaysanimportantprt inthe
cross-flowphenommaevenat”mcderateanglesofattack.Itmaybeshun
theoreticallythat,undercertainrestrictions,theviscouscrossforce
willbegivenbythedragofthebodyincrosswisemotionata velocity
equaltothecrosswisecomponentofthe’streamvelocity.Asa simple -
rule,thetotalcrossforceona veryslenderbd.ymy beformwlbyadding
thisVISCOUScrossforcetothepotentialforcesdeterminedbyhhmk~s
formula. Forsuchbodiesthisrulegivespredictedcharacteristicsin
goodagreemmtwithexperiment.A comparisonismadeinthisreport
betweentheexperimentalpressuredistributionsonaninclined,model-
airshiphullandthosecalculatedbythenonviscoustheory.Thecompar-
isonis instructiveinindicatingtheconditionsunderwhichthecalc~
latedcharacteristicswillbeobtainedandinshowingthenamerinwhich
viscosityeffectsaremmifested.
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NOTATION
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R

s

t

v=

v
‘o

’70
x

constantof integration

surfacepressurecoefficient[(~po)/qo]

surfacepressurecoefficientatzeroangleofstream
inclination[(Pa=O-Po)/g.1

irmrementalpressure
[(wPa=())/%1

crossforceperunit

lengthofbody

coefficientduetoangleofinclination

lengthonaninclinedbodyofrevolution

free-stresmWch number

pressureonbcxiyorinfieldofbody,asindicated

free-streampressure

surfacepressureatzeroangleofstreaminclination

free-streamdynemicpressure

polarradiusaboutl&y axisofrevolution

radiusatanystationofbodyofrevolution

cross-sect”ionalareaatanystationoflmdyofrevolution

time

free-streamvelocity

axialvelccityatanystationofbodysurface

axialcomponentoffree-streamvelocity

crosscomponentoffree+treamni~~ty

axialcoordinate

.

.
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ordinateinplainofinclinationnormaltoaxisofrevolution

ordinaten-l toplaneofinclinationatitoaxisof
revolution

angleofinclination

polar angle aboutaxisofrevolution~asuredfromtheapprcach
directionofthecross-streamvelooity

tin-l m
G“

fluidmassdensity

velooitypotential

THECIRY

‘Considertheflowoverthebodyofrevolutionshowninfigure1which
isholinedatananglea tothestreamofvelooityVo. Ifthebody
isslender,theaxialcompomntvelooityV= atthebodysurfacewiU not
differappreciablyfromtheaxialcomponent-V ofthestreamvelcwity.

‘o
Withthiscondition,itisclearthattheflow my be treatedbyconeldek
ingthetwo+limmsionalflowina planeparalleltothe yz plane,which
planeismovingdownstreamwiththeconstantvelocityV= . Inother
words,theproblemmaybetreatedbyde~~~~ the~~i~~io~l f1~
abouta circularcylinderwhichisfIrst grwwing(overtheforebody)and
thencollapsing(overtheafterbody)withtime,

The
inpolar

whichin

velooitypotential
coordinatesas

q).

forthecrossflowatany x stationisgiven

thismovingreferenoeplaneisa funotionofth.

(3)

BernoullitsequtionforanincompressibleflowwhichchangeEwith
tilm is

(4)

.

..

.

.

.

●

Nowfromeqm’tion (3)
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but

“

.

.

.

sothat equation (~) booms

Also,bydifferentialionofequation(3),

~=. vyoms

%1? = %0‘ing

sothat equation(4)farthepressure
becom%s

* ()
=2VYV *q :0 X. Cos e -

far

so

andhenoeequatZon
for r=R

r-> MS

,.92+
P

()RF Cose

6(%3
(1‘5)1
atanypointIntheflowfield

(6)

(7)

‘in”[“(w}+’ “)
P -> P.

~ro2

7

(9) for thepressureatthesurfaceofthebodybeCOIHS

*PO Q2Yov tanqcose+~
( )

l–4sin2e “— = 2T?%X.
P

(lo)
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andwriting

the surfacepressurein

Vy—=V.sin
o

~xo=ToCos

coefficierttform

cos6 sin2cL+
(

Forsmallanglesofinclination

sin2a= 2a

sin=a = a2

then

NACATN2044

u

a

becoms

l-ksin=e
)

sin=a (11)

( )( )P= ktan~cose a+ l-4sin20 a2 (12)

Thisequationappliestoa bcdyofrevolutionofsuchextremlength
that-jatzeroinclination,thelocalpressureatany x stationis
essentiallythestreamstaticpressurepo.

ForImdiesoflowerfinenessratioatzeroangleofinclination,
thesurfacepressureatanystation,desi~ted Pa4, will differ
slightlyfromthestatiopressurePO but,ifthefinenessratioisnot
toolow,thepressurePa=o will. also closely approximatethepressure
fa?som distanoeinthisyz ‘planeawayfromthebodysurface.Ubder
thisassumptionthatthepressureatthesurfaoeatzeroinclination
appliesumiformlyintheportionofthe yz planeforwhichthemajor
effectsofthecross-flowdistributionarefelt,thechangeinpressure
fra P. to “p-. will be tidfbfve to, buttin notothe~fse fnfluewe~
thecros~fkwpressuredistribution.Henoefora~’stationona body
ofhigh fineness ratio for which, at zero inclination, the pressureis
p-, thepressurecoefficientdistributionatthissam stationunder
inolinedflowconditionswillbe,fromequation(U),

P ..PGO+
(
2 tan~ cos@

) (
sin2a+ 1- 4 sin28

)
sin2a (13)

.

.

.
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.

or, fromequation(U2)forsmallanglesofinclination,~

. (p=p~o+ 4tan~cos8
)

Thecrossforceperunitlength
~2s fifi

a+ ( )l-4sin2# a2

of thebodyisthenfoundas
@

“ (14)

f.
J pcose RM=2qo J PRcos6de+2 J PoRcos6d9
o 0 0

andclearly

Jlt
2 poRcos Od@=O
o

Substituting> fromequation(U) gives
“Z

f JYt

f = =!IOPa=o o cos6’d6+ 4R~ tan~ sin2a COH2 0 de +
o

J’Yr

2Rqosin=CL~ (1-4 sin26)cosOd6 -
.

Thefirstandthirdintegralsarezerowhilethesecond’integralyields
.

f=2xRqotanqsin2a

ad since

then

f=%’g sin 2a

whichisequation(1)derivedlyMu& forthecrossforceon slender
.

airshiphullsand,intheform,

,f=2~~a

—J

lEquation(14),for the case in whichtangentq isconstant,reduces
tothatderivedbyBusenmn(reference5)fortheflowoveran
inclinedcone.

.
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thatderivedbyTsienforthecrossforce,totheorderofthefirstpower
oftheangleofinclination,forslenderbcxiiesatmoderatesupersonic
speeds.Thisdevelopmmtshowsthattheseequationsforthecrossforce
arealsocorrecttothesecondpowerof a.

EX3?.ERIMENI’ALRESUITSANDDEXXIELSION

clFTBEEF!EK?TsCUVZSCOSITY

.

●

lnreference6,a thoroughinvestigationallowspeedswasmadeof
thepressuredistributionovera hullmmieloftherigidairship“Alaon.”
Increuntalpressuredistributionsduetoinclinationcalculatedby
equation(13)forfivestationsalongthehullatthreeanglesofattaok
arecomparedwiththeeqwrimntalvaluesinfigures2 to6. Xneachof

, thefiguresisshowna sketchoftheairshipwhichindicatesthestation
atihichtheincremmtalpressuredistributimsapply.Thiscomparison
representsa severetestofthetheoreticalmthod& thisreportsince
the?mthtiwasdevelopedontheassumptionthatthefinenessratioofthe
bodyisverylarge,whileforthecaseconsideredthefinenessratio is

.

only 5*9.

At themoreforwardstations(figs.2 to4),theagreenwntisseen .

tobeessentiallygood2butsom9discrepancy-Prticwly at~luesof
e near180°- 1sevidentwhichincreaseswithincreasingdistancefrmn
thebow.Thediscrepancyincreasesrapidly,proceedingtosections
(figs.~and6) downstreamofthemaximumdiamtersectionmtil(fig.6)
the entiredistributionisaffected.

Thedisagreemmtthatexistsattheafterbodystationsresultsfrom
effectsofvisoositynotconsideredinthetheoryaswillbeseenfrom
thefollowing:R.T.Jones,inreference8, showedthat for laminarflow
on’an infinitely long, inclined right circular cylitier, the behaviorof
thecomponentflowofa viscousfluidinplanesnormaltotheaxisof
revolutionwasindependentofthecomponentflowparalleltothisaxis.
Thatis,viewedalcmgthecylinder,theflowofa viscousfluidaboutthe
cyllnderwouldappearidenticaltotheflowshouta sectionofa right
circularcylinderina streammovingatthevelocityV.sina. Hence,
separationoftheflow wouldcocurinthe y%?planeasa resultofthe
adversepressure gradients that exist across the cylinder. JOIMS de~
stratedthatthisbehaviorwellexplainedthecrossforcesonInclined
cylindersthatwereex~rimmtall.yobservedinreference9. .Thatsuch
separationeffectsalsoocourontheinclinedhullmodelofthe‘rAkron”
isalsoevident,particularlyinfigures5 and6.

2Atstatdonsextrewlyclosetotheb-mthemthcdmustbeinaccurate
asevidentfromtheworkofUpsor”andKlikoff(reference7).

.

.
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Whilethetreatmntofreference8 explains qualitativelytheobserved
behavioroftheflowfieldaboutthehullmodelconsidered,itcannotbe
usedquantitatively,inthegeneralcase,foratleastthreereasons:
First,thettioryofreference8wasdemonstratedonlFforlaminsr~flows;
theseparationeffectsonbdieswithturbulentflowsmaynotbethe_
asindicatedinthatreference.&cond,theforwardsectionsofbodies

‘ offinitelengthwill.behavemorenearlyasa circularcylindersetin
ymtioninitIallyfromrest.Thus,althoughtheadversegradientsexist,
theflow,asshowninreference10,willnothavehadsufficientt- to
e~ibittheusualseparatedflowcharacteristicofthesteady+tateflow
acrossa circularcylinder.This,inpart,explainsthegoodagreemmt.
etidentbetweenthecalculatedandexperimmtalvaluesC@figures2 and3.
Third,theinfluenceoftheterm

,

2tanqcos9sin2a

of equation(13) is to distort the typicalcircularcylinderpressuredis-
tribution,givenbytheterm, .—

(1 -4 sin2~)si+ a. .

tomovethecalculatedpositionofminimumpressureawayfromthe S=90°
pointandto,changethemagnitudeofthepressuretoberecovered.Over
theforwardstationsofthebcdywheretanq ispositive,theposition .
ofminimumpressureliesbetween90°and18@ andthepresstierequired
toberecoveredissmallandevenzero.atthemostforwardstations.For
therearwardstationwheretanq isnegative,theminimumyessurelies
between@ and900,ad thepressurerecoveryrequiredislargeand
increasesproceedingtowafithestern.Forthehullofthe~~Akron”model,
thecalculatedlineofminlmnmpressurealongthehullis,fortheangles
ofattackof60,12°,and18°,asshowninfigure7.3 Sinceseparation
canonlyoccurinanadversegradient,itisclearthatthelineof
separationwillroughlyfollowthelineofminimumpressures.Hence,
again,theflcwaboutforwardstationswillbe,orwillmorenearlybe,
thatcalculatedfora nonviscousfluid.Overtherearwardstationsthe
flowseparationshouldtendtobeevenmorepronouncedthanwouldoccur ‘
ona rightcircularcylinder.

Fromthe “fcwegoimg,it is evidentthatthepotential flow solution
forthepressuresoninclinedbodiescanonlybeexpectedtoholdover
theforebody,andthatovertheafterbodythepressuredistributionwill
beimportantlyinfluencedbythefluidtiscosity.

.

.

s Itisofinteresttonoteinthisfigurethatevenforsmallanglesof
inclinationthelinesofminfmumpressurebecomeorientedcloseto
thedirectionoftheaxisofrevolution,whileatzeroinclination
itmust,ofcourse,benormaltothisaxis.

.
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.

Theequationsofthisreportforthepressuredistributiononan
inclinedbodyweredevelo~dontheassumptionthatthefluwwasincom-
pressible.Nevertheless,asnotedearlier,theequationsshould%eappli-
cable~-o–supersonicflowwhentheappropriatevaluesfor

●

Pa=oareused
aslongasthecrosscomponentoftheMachrmiber~ sina isnot too
largecomparedwiththecriticalMachnumberofa circularcylinder.

~n.reference4,thepressuredistributionwasdeterminedforlxilies
ofhighfinenessratiottitheorderoffirst-powerin & andtheresults
agreewithequation(14)ofthisreporttothisorder.Inli@toftha
presentsolutionofequation(14), it isclearthatthesolutionofref-
erence‘4isonlycorrectwhen a isnotonlysmallbutsmallbycompa%
isonwith q, forswhen a isoftheSam ~dera’sVs thete~

(1- k sin2e)a2

assw.msequalimportamewiththelinearterm.Elbnce,fortheusualsmll
coneanglesusedonsupersonicbcxiies,thesolutionofreference& is
seriouslylimitedintherangeofanglesofinclinationforwhichitwill
give

Alms

sufi?icientlyaccurater~sults.- %.

AerommticalLaboratory,
NationalAdvisoryConmitteeforAer&autics,

MoffettField,Calif.,WC. 28,1949.

.
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Figure l.— Body of revoltdion in inclined flow field.
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Figure2.- Calculatedand experimentalpressuredistributionon
u mode/hu~lof the USS Akronof station~=0.///.
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Figure 3- CuI’cuIWedand experlrnentolpressuredistribution
a modelhull of the U% AkronUf sfafio~,f=o.24~
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-Sfutionfor incremeniolprewres, += O.355
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Figure 4- Cdculuted and experimenfdpressuredistributionon
QmodelM[ of the USS. Akronof station+=0.355.
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Figure5 – Calculatedandexperimenfdpressuredistributionon
a modelhull of the L!SS. Akrono! station ~= 0.708.
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Figure6- Colcu/uteo’undexperimentalpressuredistributionon
a modelM of the MS Akro~U~sfafio~ ~ ‘0.86~
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